Introduction
============

Studies over the past four decades have shown that 3.9%-16% of patients with pancreatic cancer (PaCa) have a family history of the disease, which is referred to as familial pancreatic cancer (FPC) \[[@b1-crt-2016-217]\]. FPC describes families with at least two first-degree relatives with confirmed exocrine PaCa that do not fulfil the criteria of other inherited tumor syndromes with increased risks of PaCa, such as Peutz-Jeghers syndrome, hereditary pancreatitis, and hereditary breast and ovarian cancer. The first studies to explore what is now referred to as FPC were case reports of families in which there were multiple cases of PaCa. In 1973, MacDermott and Kramer \[[@b2-crt-2016-217]\] described a family, in which PaCa developed in four out of the six siblings.

A small fraction of this aggregation can be accounted for inherited cancer syndromes, including familial atypical multiple-mole melanoma (FAMM), Peutz-Jeghers syndrome, hereditary breast-ovarian cancer (HBOC), hereditary pancreatitis (HP), and hereditary nonpolyposis colorectal cancer (HNPCC). These syndromes arise as a result of germline mutations in the *CDKN2A* (FAMM), *STK11* (Peutz-Jeghers syndrome), *BRCA1*, *BRCA2*, *ATM* (HBOC), *PRSS1* (HP), *MLH1*, and *MSH2* (HNPCC) genes \[[@b3-crt-2016-217]\]. In addition, heredity plays an important role in certain patients with apparently sporadic PaCa. Many patients with PaCas caused by a germline mutation in a cancer-causing gene do not have a pedigree suggestive of a familial cancer syndrome \[[@b1-crt-2016-217]\]. Although much has been learned over the past few decades regarding the aggregation of PaCa in some families, the genetic basis for most of this familial aggregation is still poorly understood.

Ten founder mutations in four cancer predisposing genes have been identified in Poland \[[@b4-crt-2016-217]-[@b6-crt-2016-217]\]. These include three founder mutations in *BRCA1* (5382insC, 4153delA, and C61G), four in *CHEK2* (1100delC, IVS2+1G\>A, del5395, and I157T), one variant allele in *NBS1* (657del5), and two in *PALB2* (509_510delGA and 172_175delTTGT) \[[@b4-crt-2016-217]-[@b6-crt-2016-217]\]. The results of our previous case/control studies showed that these mutations in *BRCA1*, *CHEK2*, *NBS1*, and *PALB2* are associated with the cancer risk at different sites of origin \[[@b4-crt-2016-217]-[@b12-crt-2016-217]\]. A recent study evaluated the prevalence of these founder mutations among sporadic PaCa patients and showed that the risk of sporadic PaCa is associated with the Slavic founder mutation of *NBS1* 657del5 (odds ratio \[OR\], 3.80; p=0.002) \[[@b13-crt-2016-217]\]. A hereditary predisposition to different cancers, which is characteristic of the aforementioned genes, suggests that there could be a potential link between Polish founder mutations and a predisposition to FPC.

Therefore, the aim of this study was to establish the prevalence of ten Polish founder mutations in *BRCA1*, *CHEK2*, *NBS1*, and *PALB2* among individuals from families with familial PaCa syndrome and to assess their possible association with the FPC risk in Poland.

A total of 400 individuals from FPC syndrome families were genotyped and the frequencies of the founder mutations were compared with a set of healthy control subjects representative of the Polish population.

Materials and Methods
=====================

1. Patients
-----------

The recruitment of individuals for this study was conducted between 2002 and 2014. The majority (80%) were patients of our center, living in north-western Poland, as well as in other cities of the country: Białystok, Kraków, Lódź, Olsztyn, Opole, Rzeszów, Świdnica, Zielona Góra, Kielce. The study involved 400 probands from families with a diagnosis of FPC syndrome, who were either healthy individuals (n=295) or FPC patients with cancer (n=105). [Table 1](#t1-crt-2016-217){ref-type="table"} lists the characteristics of the individuals included in the study. Each of the 400 study participants came from a family, in which there were two or more cases of PaCa among the first-degree relatives. All study participants with cancer had a histopathologically confirmed diagnosis of cancer. The mean age of the participants enrolled in this study was 49.44 years (range, 19 to 91 years). A family history of cancer was taken either by the construction of a family tree or the completion of a standardized questionnaire. This study was conducted in accordance with the Declaration of Helsinki and all participants signed an informed consent document prior to donating the blood samples. Furthermore, this study was approved by the Ethics Committee of the Pomeranian Medical University in Szczecin, Poland.

2. Population controls
----------------------

Three control groups were combined. The first consisted of 2,000 newborn children from 10 hospitals throughout Poland (Szczecin, Białystok, Gorzów, Katowice, Wrocław, Poznań, Opole, Lódź, and Rzeszów) collected between 2003 and 2004. Samples of cord blood from unselected infants were forwarded to the study center in Szczecin. The second group was taken from adult patient lists of three family doctors practicing in the Szczecin region. A total of 1,000 controls were selected at random from the patient lists of these family doctors. The third group consisted of 1,000 adults from Szczecin who submitted blood for paternity testing. A sample of DNA was forwarded to the reference laboratory without any identifying information. To ensure comparability of the control groups, the allele frequencies of the 10 alleles was computed separately for the adult and neonatal control groups and compared to determine if there were any differences in allele frequencies.

3. Genotyping
-------------

DNA was isolated from 5 to 10 mL samples of peripheral blood. Ten founder mutations in the *BRCA1*, *CHEK2*, *NBS1*, and *PALB2* genes were genotyped, as described previously \[[@b4-crt-2016-217],[@b6-crt-2016-217],[@b9-crt-2016-217]\]. Briefly, *BRCA1* mutations, 4153delA and 5382insC were detected using the allele-specific oligonucleotide polymerase chain reaction (PCR), and C61G was detected using the restriction fragment length polymorphism PCR. The *CHEK2* del5395 was detected using a multiplex PCR reaction. The IVS2+1G\>A and I157T variants in *CHEK2* were detected using restriction fragment length polymorphism PCR analysis, and the 1100delC mutation was analyzed using allelespecific oligonucleotide PCR. The *NBS1* mutation was tested using allele-specific oligonucleotide PCR. The two recurrent truncating mutations of *PALB2* (509_510delGA and 172_175delTTGT) were detected using a TaqMan assay (Life Technologies, Carlsbad, CA) using a LightCycler 480 Real-Time PCR System (Roche Life Science, Mannheim, Germany). Sanger direct sequencing was undertaken to confirm the presence of mutations, using a BigDye Terminator v3.1 Cycle Sequencing Kit (Life Technologies), according to the manufacturer's protocol. All ten mutations were analyzed successfully in 398 of the 400 FPC cases (99.5%). The two that failed to be analyzed due to the poor quality of DNA were discarded from statistical analysis.

4. Statistical analysis
-----------------------

The prevalence of all mutant alleles in the cases and controls were compared. The ORs were generated from two-by-two tables and the statistical significance was assessed using a chi-square or Fisher exact test with a Yates correction. The ORs were used as the estimates of the relative risk.

Results
=======

A founder mutation in one of the four genes studied was observed in 44 out of 398 FPC cases (11.06%) and in 283 out of 4,000 controls (7.08%) (p=0.011; OR, 1.56; 95% confidence interval, 1.12 to 2.18). [Table 2](#t2-crt-2016-217){ref-type="table"} provides details of the prevalence of founder mutations studied among individuals from FPC families and in the population control group. In the group of all FPC individuals, the largest and statistically significant difference compared to the population control group was observed for *PALB2* 172_175delTTGT (0.5%; OR, 10.05; p=0.048). When the genotyping results were classified according to the health status of the probands, statistically significant differences were observed for the *BRCA1*, *PALB2* and *CHEK2* genes only in the group of FPC cases with cancer. Two (5382insC, C61G) of the three Polish founder *BRCA1* mutations were detected in three of the 105 FPC cases with cancer (2.86%) (OR, 6.72; p=0.006) compared to 17 of the 4,000 controls (0.42%). *PALB2* mutations were observed in two of the 105 FPC cases with cancer (1.90%) (OR, 9.52; p=0.014) compared to eight of the 4,000 controls (0.20%). *CHEK2* mutations (all four mutations combined) were detected in 14 of the 105 FPC cases with cancer (13.33%) (OR, 2.26; p=0.008) compared to 236 of the 4,000 controls (5.9%). The *CHEK2* *I157T* missense mutation contributed the largest and was present in 11 of the 105 FPC cases with cancer (OR, 2.17; p=0.026) compared to 193 of the 4,000 controls. A single *NBS1* mutation (657del5) was detected in three of the 389 unselected FPC cases (0.75%): two healthy FPC probands (0.68%), and one of the 105 FPC cases with cancer (0.95%), compared to 22 of the 4,000 controls (0.55%), but none of the associations were statistically significant.

Discussion
==========

This study observed a significant correlation between the prevalence of the Polish founder mutation 172_175delTTGT of *PALB2* gene and the FPC. In addition, an increased incidence of changes was observed in genes *BRCA1* (three founder mutation combined: p=0.006; OR, 6.72) and *CHEK2* (four *CHEK2* mutations combined: p=0.008; OR, 2.26), particularly the *CHEK2* *I157T* mutation (p=0.03; OR, 2.17) among the cancer-affected individuals from the FPC syndrome families. The fact that *BRCA1* and *PALB2* mutations might be causative of FPC in a small subset of families is relatively new \[[@b14-crt-2016-217]-[@b16-crt-2016-217]\]. These results confirm this correlation in Polish families with FPC syndrome. Furthermore, the results are consistent with the observations that *PALB2* and *BRCA1* mutations are reported in FPC, especially in the families with a history of breast cancer \[[@b14-crt-2016-217],[@b15-crt-2016-217]\]. Breast cancer was also observed among the first degree relatives of one of the *PALB2* 172_175delTTGT and one of the *BRCA1* 5382insC mutation carriers from FPC.

The most valuable observation of the present study is the increased risk of FPC among carriers of *CHEK2* mutations, particularly the *CHEK2* *I157T* missense variant. *CHEK2* is a human homologue of the yeast Cds1 and Rad53 genes, which encodes the cell cycle checkpoint kinase. *CHEK2* is activated by *ATM* dependent phosphorylation in response to double strand DNA breaks \[[@b17-crt-2016-217],[@b18-crt-2016-217]\]. Activated *CHEK2* activates p53, which triggers cell cycle arrest at G1 or apoptosis \[[@b19-crt-2016-217],[@b20-crt-2016-217]\]. Therefore, *CHEK2* plays an important role in the network of cell cycle regulation and DNA damage repair, which are crucial processes in preventing cancer development. Four founder alleles of *CHEK2* are present in Poland; three of these result in a truncated *CHEK2* protein (1100delC, IVS2+1G\>A and del5395) and the fourth (I157T) is a missense substitution of an isoleucine by a threonine in exon 3 \[[@b9-crt-2016-217]\]. The feature of the founder mutations in the *CHEK2* gene is the multiorgan cancer risk among carriers \[[@b8-crt-2016-217]\]. Positive associations with protein-truncating alleles in the *CHEK2* gene are observed for cancers of the prostate and thyroid. The large germline deletion in *CHEK2* is associated with an increased risk of prostate cancer \[[@b9-crt-2016-217]\]. The missense variant, I157T, is associated with an increased risk of colon, kidney, prostate, thyroid, and stomach cancers \[[@b8-crt-2016-217],[@b11-crt-2016-217]\]. In light of existing research, it can be assumed that *CHEK2* gene mutations are more specific to a certain percentage of cancers of the gastrointestinal tract. In a study conducted at our center including 463 individuals, it has been shown that the I157T variant of *CHEK2* increases the risk of colorectal cancer among mismatch repair--negative HNPCC/HNPCC-related families from Poland (OR, 2.1; p=0.0004) \[[@b21-crt-2016-217]\]. Polish founder mutations in the *CHEK2* gene were also observed in 57 out of 658 unselected patients with gastric cancer (8.7%) compared to 480 out of 8,302 controls (5.8%) (OR, 1.6; p=0.004) \[[@b11-crt-2016-217]\]. Overall, it can be concluded that FPC is another malignant tumor from the spectrum of digestive system cancers associated with mutations of the *CHEK2* gene. The results of a previous study conducted among 383 PaCa cases did not show this association for sporadic cancers of the pancreas \[[@b13-crt-2016-217]\]. The current relationship between the *CHEK2* mutation and the occurrence of FPC can be explained by the multiorgan nature of the familial cancer predisposition of *CHEK2* mutations. Note that among the FPC cancer cases with detected *CHEK2* mutations, there were cases not only with PaCa, but also with cancer of the breast, cervix, thyroid, and melanoma.

Thus far, the possible relationship between *CHEK2* mutations and FPC has not been evaluated extensively. In one existing German study based on the genotyping of 35 patients from families with FPC syndrome, the *CHEK2* 1100delC mutation was identified in one out of 35 FPC cases (3%) \[[@b22-crt-2016-217]\]. The authors of that study suggested a possible contribution of the *CHEK2* mutation in a small subset of FPC \[[@b22-crt-2016-217]\]. In addition, it is believed that mutations of the *CHEK2* gene, similar to the mutations in the other aforementioned genes, cause only a small percentage of FPC cases. Therefore, it can be assumed, that the search for genes that predispose to FPC, will bring to light new genes, but none of them will be responsible for a large percentage of families with FPC.

Note that mutation carriers with cancer in the present study were affected by cancers at different sites ([Supplementary Table 1](#SD1){ref-type="supplementary-material"}). Among those, *CHEK2* mutation carriers had the largest variety of different neoplasms, i.e., multiple breast cancers, cervical cancers, and single cases of thyroid cancer, PaCa, and malignant melanoma. Each of the two *PALB2* mutation carriers had either PaCa or breast cancer. Three *BRCA1* carriers with cancer were observed, two of which had breast cancer and one ovarian cancer. These three *BRCA1* mutation carriers had no other family member with breast and/or ovarian cancer. A single carrier of the *NBS1* mutation was affected by PaCa. The occurrence of PaCa among the *BRCA1* and *PALB2* mutation carriers is already known \[[@b14-crt-2016-217],[@b15-crt-2016-217]\]. The nature of the *CHEK2* gene as a multiorgan cancer predisposition gene has been reported \[[@b4-crt-2016-217],[@b5-crt-2016-217],[@b8-crt-2016-217]-[@b11-crt-2016-217]\], which explains the occurrence of cancer at different sites among the *CHEK2* mutation carriers in the present study. Despite the single cases of different cancers in these families with PaCa, they only fulfil the criteria for FPC and did not meet the criteria for any other defined inherited tumor syndrome except for three carriers of a *BRCA1* mutation (HBOC, BRCA1 type).

Our previous study conducted among 383 PaCa patients reported that the Polish founder mutation in *NBS1* (657del5) is associated with an increased risk of PaCa (OR, 3.80; p=0.002) \[[@b13-crt-2016-217]\]. While the results of the current study, including almost 400 cases from FPC families presented here, did not show a relationship between the *NBS1* and FPC syndrome. It might mean that a *NBS1* mutation is not associated with the risk of FPC. On the other hand, it is equally possible that a relationship between the *NBS1* and FPC risk was not observed because of the relatively small number of cases with cancer (n=105) present in this study, in addition to the low penetrance of *NBS1* mutation. Indeed, more cases of cancer from FPC families should be analyzed in the future to resolve this suspicion.

The major limitation of this study was the small number of cases with cancer from FPC families subjected to genotyping. These results should be verified with a larger series of FPC cases from both the Polish and other populations.

Conclusion
==========

This case control study indicated that mutations in *PALB2* (172_175delTTGT) appear to increase the risk of FPC in heterozygous carriers from the Polish population. In addition, the FPC risk appears to be increased in carriers of *BRCA1* (two of the three occurring: 5382insC, C61G) and *CHEK2* founder mutations (particularly *CHEK2*-I157T missense variant). Therefore, in the Polish population, founder mutations in the genes, *BRCA1*, *PALB2*, and *CHEK2*, cause a small percentage of familial PaCa. Studies in Slavic and other populations should be performed to confirm this association and evaluate the utility of testing these genes for FPC in cancer genetic counselling.
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###### 

Characteristics of the FPC individuals

  Characteristic                           No.
  ---------------------------------------- ---------------------------
  **All FPC cases**                        400
   Healthy                                 295
   FPC individuals with cancer             105
  **Age of onset (yr)**                    
   \< 50                                   198 (female 138, male 60)
   \> 50                                   202 (female 152, male 50)
  **Birth year**                           1921-1968
  **Age at sample, mean (range, yr)**      49.44 (19-91)
   Healthy FPC individuals                 46.11 (19-80)
   FPC cases with cancer                   59.13 (30-91)
  **Cancer site among cancer FPC cases**   
   Pancreas                                36
   Breast                                  28
   Nipple                                  9
   Uterus                                  7
   Ovary                                   5
   Large intestine                         4
   Small intestine                         1
   Kidney                                  2
   Melanoma                                2
   Thyroid                                 2
   Cheek                                   1
   Cancer site unknown                     8

FPC, familial pancreatic cancer.

###### 

Prevalence of the variant alleles in *BRCA1, CHEK2, NBS1,* and *PALB2* among FPC cases

  Mutation                               Control (n=4,000)   Unselected FPC case (n=398)   OR          95% CI           p-value     Healthy FPC case (n=293)   OR     95% CI       p-value   FPC case with cancer (n=105)   OR         95% CI           p-value
  -------------------------------------- ------------------- ----------------------------- ----------- ---------------- ----------- -------------------------- ------ ------------ --------- ------------------------------ ---------- ---------------- -----------
  **Any *BRCA1* mutation**               17 (0.42)           5 (1.26)                      2.96        1.09-8.06        0.064       2 (0.68)                   1.61   0.37-6.99    0.855     **3 (2.86)**                   **6.72**   **1.94-23.30**   **0.006**
   5382insC                              13 (0.32)           3 (0.75)                      2.32        0.66-3.18        0.362       1 (0.34)                   1.05   0.14-8.06    0.963     2 (1.90)                       5.86       1.31-26.31       0.071
   C61G                                  3 (0.08)            2 (0.50)                      6.70        1.12-40.24       0.104       1 (0.34)                   4.55   0.47-43.91   0.654     1 (0.95)                       12.70      1.31-123.16      0.211
   4153delA                              1 (0.03)            0                             \-          \-               \-          0                          \-     \-           \-        0                              \-         \-               \-
  **Any *CHEK2* mutation**               236 (5.9)           33 (8.29)                     1.41        0.96-2.05        0.097       19 (6.48)                  1.10   0.68-1.78    0.797     **14 (13.33)**                 **2.26**   **1.27-4.01**    **0.008**
  **Any *CHEK2* truncating mutations**   43 (1.1)            8 (2.01)                      1.87        0.87-4.01        0.164       5 (1.71)                   1.59   0.62-4.04    0.489     3 (2.86)                       2.66       0.81-8.71        0.225
   1100delC                              9 (0.22)            2 (0.50)                      2.23        0.48-10.38       0.598       1 (0.34)                   1.52   0.19-12.02   0.691     1 (0.95)                       4.23       0.53-33.73       0.628
   IVS2+1G\>A                            19 (0.5)            3 (0.75)                      1.59        0.47-5.39        0.708       2 (0.68)                   1.44   0.33-6.20    0.956     1 (0.95)                       2.01       0.27-15.13       0.491
   del5395                               15 (0.4)            3 (0.75)                      2.01        0.58-6.98        0.477       2 (0.68)                   1.82   0.41-8.00    0.746     1 (0.95)                       2.54       0.33-19.42       0.889
  ***CHEK2* I157T missense mutation**    193 (4.8)           25 (6.28)                     1.30        0.85-2.00        0.277       14 (4.78)                  0.99   0.57-1.73    0.973     **11 (10.48)**                 **2.17**   **1.15-4.11**    **0.026**
  ***NBS1* mutation**                                                                                                                                                                                                                                   
   657del5                               22 (0.55)           3 (0.75)                      1.37        0.41-4.60        0.871       2 (0.68)                   1.24   0.29-5.31    0.770     1 (0.95)                       1.73       0.23-12.98       0.588
   Any *PALB2* mutation                  8 (0.20)            3 (0.75)                      3.77        0.83-11.82       0.115       1 (0.34)                   1.71   0.21-13.70   0.611     **2 (1.90)**                   **9.52**   **2.00-45.41**   **0.014**
   509_510delGA                          6 (0.15)            1 (0.25)                      1.68        0.17-11.57       0.630       0                          \-     \-           \-        1 (0.95)                       6.35       0.76-53.24       0.446
   172_175delTTGT                        2 (0.05)            **2 (0.50)**                  **10.05**   **1.41-71.58**   **0.048**   1 (0.34)                   6.83   0.62-75.54   0.500     1 (0.95)                       19.05      1.71-211.83      0.124

Values are presented as number (%). Statistically significant associations (p ≤ 0.05) are indicated in bold. FPC, familial pancreatic cancer; OR, odds ratio; CI, confidence interval.
